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Pustract

NASA transmission researci 15 oriented either
to advance the state-of-the-art ir mechanical power
transfer technology or to add to the fundamental
body of knowledge gelonging to bearings, gears,
lubrication, rolling-element fatigue, life pre-
diction, traction phenomena, and mechanica) pewsr
transfer, Transmissions studied for application
to helicopters in addition to the more conventional
geared transmissions include hybrid (traction/
gear}, bearingless planetary, and split torque
transmissions, Research is being performed to es-
tablish the validity of analysis and computer codes
developed to predict the performance, efficiency,
life, and reliability of these transmissions. Ke-
suits of this research should provide the transmis-
sion designer with analytical tools to design for
minimum werght and noise with maximum life and ef-
ficiency. In addition, the advantages and limita-
tions of new and novel drive systems as well as the
more conventional systems will be defined,

Introduction

The helicopter, more than any other contempor-
ary aerospace or industrial innovation, has placed
severe performance demands on power transmission
components such as bearings and gears. Well-
designed mechanical components, good materiails, and
lubrication systems which are integrated into hel-
fcopter drive train systems can make the difference
between a helicopter's reliable, economic operation
and failure.

It has long been a requirement to provide
technology to obtain long-life, efficient, lignt-
weight, and compact mechanical power transmissions
that are also low~cost and quiet for both commer-
cial and military helicopter applications. In gen-
eral, current state-of-the-art transmission systems
are disturbingly noisy to the pilot and passengers.
The maintenance rate on these transmission systems
15 high. The time between overhaul (TBO) and mean
time between failures (MTBF) on present-day heli-
copters is much lower than that required for eco-
nomical commercial operation. The helicopter drive
system is generally heavier than desired [1].

The reatization of technological improvements
for future helicopter drive systems can only be ob-
tained through advanced research and development.
Hence, NASA transmission research is oriented
either to advance the state-of-the-art in mechani-
cal power transfer taechnology or to add to the
fundamental body of knowledge belonging to wear-
ings, gears, lubrication, rotifng-element fatigue,
Vife prediction, traction phenomena, and mechanical
power transfer fl]; A considerable amount of work
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is required to establish the validity of anaiy.iy

and computer codes developed to predict the por-

formance, efficiency, life, and retramlity of

transmission systems, ‘

Relatively new concepts may be required to
achieve significant technological advances, NASA |
transmissions studied for application to helicop-

ters in addition to the more conventional geari g

transmissions include hybrid (traction/gear) 179,

bearingiess planetary [3], and split Lorque trans-

missions [4].

The NASA Lewis Research Center in cooperation
with the U.5. Army Aviation Research ang Develop-
ment Command's Propulsion Laboratory devised a com-
prehensive helicopter transmission technology re-
search program beginning October 1977 [1]. Tris
paper reviews the results of this resaarch ang its
probable effects on helicopter transmission aesign,

Gears

Life and Reliability

A reliability model for the compound planetary
gear train (Fig. 1) has been derived for use in the
probabilistic design of this type of transmission
(5,6]. Tnis gear train has the ring gear fixed,
the sun gear as input, and the pianet carrier as
output. The fnput and output shafts are assumed
to be coaxia! with the applied torques and each
other; no side or moment loading 1s considerea.

The reliability model is based on the relia-
bility models of the bearing [7,8] and gear mesh
camponents [9-11] which are two dimensional Weibull
distributions of reliability as a function of life.
The transmission's 90-percent reliability life and
basic dynamic capacity are presented in terms of
input sun rotations and torque (Fig, 2). Oue to
the different Weibull distributions for the bearing
and gearing components, the Weibull model for the
glanetary transmission 1s an approximate model.

his mode! includes the transmission's 90-~percent
reliability life, Weibull exponent, hasic dynamic
capacity, and load-life exponent. The life andg
reliability model allows the designer to obtain
both qualitative and quantitative comparisons be-
tween transmission designs and applications. For
an example, the analysis shows that due to the na-
ture of the component tife distributions, reducing
the loading in the transmission maket the bearings
more important in the life characteristics of the
transmission. Increasing the loading makes the sun
gegr life more important tn the overail 1ife dis-
ribution of the transmission. in addition, adding
a fourth planet gear more than doubles the life of
the transmission [6].

S — ;
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Spur_Gear Design

The design procedure for designing gear sets
as shown in Figs. 3 and 4 so they will have a min-
imum center distance was developed [12,13]. A
minimum center distance design will be lighter
weight, which 1s critical in aircraft applications.
Another advantage is that smaller gears will have
less noise due to the smaller pitch line veloci~
ties.

The derivation of the design procedure iden-~
tified a two-dimensiona) design space whose coor-
dinates are number of teeth and diametral pitch.
Constraint boundaries for pitting, scoring, and
bending fatf?ue failure, as well as the geometric
constraint of involute interference were identified
as shown in Fig. 5. The region of acceptable de-
sign choices is l1abelled in the upper left of the
design space. Lines of constant slope throigh the
origin represent the locus of points in the design
space for which the center distance is constant,
The slope of the line represents center distance;
the smaller the slope, the smalier the center dis-
tance. The minimum sized gear design would then

be a gear with diametral pitch and number of teeth
which correspond to point A on the plot.

A design approach sometimes found in gear
handbooks is to use the interference limit and the
tooth bending strength limit to define the "pest”
design, This gives point B in the design space.
This point will give a smaller gear set than point
A but it is not a balanced design since it ignores

the pittin? and scoring problems that will be en-
countered 1n service,

The procedure was expanded to include the ef=
fect of nonstandard unequal addenda gearing shown
in Fig. 6 {14]. tnequal addenda gearing makes it
possible to » ne the size (number of teeth} for
the same ratio o, standard gears without running

into kinematic interference. Unequal addenda gear-
ing is shown in Fig. 6.

Lonventional practice holds that unequal ad-
dendum geometry is better than standard geometry
because the short addendum pinion teeth are
stronger in bending fatigue than the smaller stand-
ard teeth. The research results show that for
minimum center distance gear sets (which meet the
design 1imits on strength and kinematic interfer-
ence? there is no appreciable size reduction. The
results apply in general, since ycometric similar-
ity and strength similitude are maintained for the
dimensionless result, The critical factor in siz-
ing 15 the Hertzian contact stress.

This research clarifies the main attributes
of iong and short addendum gesring and extends work
on minimum center distance gearing.

A comprehens tve method was developed for the
design of spur gears with improved efficiency over
the full range of gear operating conditions {15},
Previously available methods were intended to pro-
vide an estimate of gnly full load efficiency. The
new method was then utilized to show the effects
of spur gear size, pitch, ratio, lubricant viscos-

ity, face width, pitch-line-velocity, and load ef-
ficiency.

Fig. 7 shows the effect of given .ear diam-
eter, tooth number, and pitch-line-velccity on
afficiency at a given load. This moderete to heav
i1y loaded gear set s most efficient with ftine-
pitched, large diameter gears operating al high
pitch-l{ne velocities., With this method the gear
designer can now design a gearset for optimum ef-
ficiency at any operating condition desired.

fig. B shows the predicted power loss for
three gears designed for the same application.
Gear L is & standard gear while K and M are both
high contact ratio gears, but of difference size.
From the analysis based on gear desigp K, it is
possible to design a high contact ratio gearset
with an efficiency comparable to a standard gear
design.

The finite element method is often used to do
stress and deflection analysis of gears. A major
difficulty in the use of the FEM pro.-ams is sizing
the grid spacing in the region of the load. The
effect of Hertzian deformation contriputes up to
20 percent to the total deflection at the gear con-
tact point. Research is reported in [16] tnat re-
lates to choosing the FEM grid for this type of
problem, in order to properly account for Hertzian
deflections,

In [17] a study of the effect of rim thickness
and fillet radius on gear stresses is reported.
It was found that compressive stresses; opposite the
loading side of the tooth are most sensitive to rim
thickness, Partially supported rim g2ars such as
in 1ightweight aircraft applications have a de-
crease in the stress with increase in rim thick-
ness, wheress for fully supported rim gears, the
opposite is true. The root stresses increased with
decreasing fitlet radius,

Dynamic Analysis

A high contact ratio gear aynamic analysis wit
developed to determine the dynamic 1jads, Strésses,
and deflections for spur gears [18]. The analysis
determines the effect on the gear t::th dynamics
with various tooth profile modifications, tooth
spacing errors, system mass, and system damping.

The analysis was first developed for internal
and external high contact ratio and «tandard spur
gears [19]. The aralysis was expanded to include
muitiple gear meshes and planetary gears with up
to 20 planets [20]. A computer code was developed
that determines the gear dynamic loads, stresses,
and defliections. The code plots the resulis for
both single tooth mesh and severa} teeth in series
to show the effect of tooth spacing 2rrors, The
program is being expanded to include helical gears.

Spiral Bevel Gear Design

The surface geametry of circular cut spiral
bevel gears was developed [21,22]. farlier work
was done for the "ideal" case of a iogarithmic
spiral shaped involute tooth [23]. The work 1s
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complimentary to the earlier work in that it ad-
dresses the problem of (ircular cut spiral bevel
years which are practical to make on existing pro-
duction ma..nines,

The emphasis on the tooth surface analysis is
on determininy the principal radis of curvature of
the surface. 1ne principal radii, which are the
maximum and minymum radii at the point of contact
between mating gear teeth are needed to calculate
contact stress, tooth contact patterns shown in
F1?. 9, and the elastohydrodynamic lubricant film
thickness. The formulae and procedures are general
and well suited to use 1n computer algorithms and
specific results are easily obtained hy symbolic
manipulat ive cumputer programs, The work specifi-
cally considers involute, straight, and hyperholic
cutter profiles. The results may be used in anal-
ysis of gear sets such as in the input stage of
helicopter main rotor yearboxes and tail rotor
gearboxes.

Further work was performed to describe spiral
bevel gear sets with two different mesh contact
patterns [24], Two different methods give tooth
contact paths in different directions. One path
is across the profile direction of the tooth, the
other 15 along the length of the tooth. Each con-
tact path offers certain advantages for increased
1ife, better lubrication, and reduced ~oise and
vibration. The methods described in [LA; indicate
approaches to take in further analysis of the im-
plications of two different geometries.

Gear Materials

Several gear materials have been evaluated for
endurance 1ife on the NASA LeRC Spur Gear Fatigue
Tester [25]. A compariscn of the life of various
gear materials is shown in Fig. 1C. The Vasco X-2
has a life statistically equivalent to Al1S! 9310
but has less fracture toughness. The (85 600 mate~
rial is somewhat better than AISI 9310 but also has
less fracture toughness. The best material tested
to date is the EX-53 material which has twice the
1ife of AISI 9310 and an equivalent fracture tough-
ness. Shot peening of AISI 9310 gears gave a life
improvement of 60 percent over the standard gears
without shot peening [26]. This improvement in
life 1s attributed to the subsurface compressive
residual stress induced by shot peening.

Gear Lubricatior

An aralysis for into mesh 011 jet lubrication
was performed with an arbitrary offset and inclina-
tion angle from the pitch point for the cases when
the o1l jet velocities are less than, equal to, or
greater than gear pitch line velacity (27,28},
Equations were developed for minimum and maximum
(optymum) oil jet impingement depths. The analysis
includes the minimum oil jet velocity required to
impinge on the gear or pinion and the optimum ofl
jet velgcity required to obtarn the maximum im-
pingement depth, The hest lubrication and conling
is ohtained with maximum impingement depth when the
01l jet velocity equais the gear piteh line veto-
city. Less than optimum year lubrication and Cool-
ing is ohtained at oil jet velocities that are less

than or greater than the pitoh Nine wvelucity.  In
additaon, the pinyan may be completely mivsnd at
Jet velocities that are much lower or much higher
than the patch-line veiocity.,  These analyses al
lows the designer to Jocate the o1l jety and opt
mize Jubrication flow and volume tor maximym eff) -
ciency and, hence, lower heat generatiyn,

An analysis and computer pragram callea Thi46L
were developed to predict the variations, ot dynam¢
load, surface temperature, and lubricant (elastohy-
drodynamic) film thickness aiong the contact ing
path during the enqagement ot a pair of 1ovolute
spur qears [29]. The analysis of dynanic load :n-
cludes the effect of gear inertia, the etfect of
load sharing of adjacent teeth, and the effect of
variable tooth stiffnesses which are ot*ained by a
finite-element method. Hesults obtainec from
TELSGE for the dynamic load distributions along the
contacting path for various speeds of a pair of
test gears show high loads near the piten line
where pitting failures are observed experimentally,
Effects of damping ratio, contact ratic, tip re-
lief, and teoth error on the dynamic luad can be
examined. A lubricant fiim thickness analysis for
the OH-58 transmission sun-pinton gear set 1s shuwn
in fig. 1l.

Gear Noise

Gear noise in helicopter transmis.ions 15 a
major contributor to the overall noise inside the
passenger areas of most helicopters. Gear noise is
3 direct result of the deviations in tho gear tootn
profiles from the true 1nvolute form (or in the
generalized case, the true conjugate form). It is
a4 matter of necessity that the gear profile be al-
tered from the ideal (mathematically) conjuyate
form, This is to provide a compensati.. effect to
aliow for defliections in the gear support and the
gear teeth Lhemselves which are caused by the nor-
mal operating loads. The essenace of ncise minimi-
zation is to balance the nojse producine negative
effects of nonconjugacy with the positive effects
of desensitizing the gear systom to tho effects of
deflections which can cause gear misairinments and
eccentricities. It is clear that extensive systen
modeliing of the gear tooth action, gea~ sunpori
stiffnesses, and dynamic hehavior 1s reguired 1n
order to design gears with the appropriste noise
compensating tooth grofiles.

Une such approach has been completed [30]. A
transfer function methud for predicting the dynamic
responses of gear systems with several meshes was
developed. The model was applied to the NASA spur
gear fatique test apparatus. An eptimur profile
modification design method was developed and ap-
plied to the NASA gear riy, The profile modifica
tion chart is shown in Fig, 12. The NASA test gear
13 shown in Fig, 13. Noise tests and fatigue tests
to evaluate the performance nf the minvium noise
design will begin in the near future,

Measurement of the noise with conventiaonal mi-
crophones to measure sound pressure levals 15 dif-
ficult for mnst gearing installations because of
the reverberant conditions of the roam surrounding
the gear 1nstallations. Greater succes: car he ex-
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pected from measyrements obtained via accelerome-
ters mounted on the gearbox housing. However, the
effect of the radiation mechanism that transfers
vibrations into sound pressure levels 15 neglected.

A method that circumvents this problem has
been developed [31]. The method is based on the
measurement of acoustic intensity by tw. closely
spaced microphones. A robotic acoustic intensity
measurement system (RAIMS) was designed and con-
strycted to automate the analysis of sound fields

{Fig. 14}. The acoustic intensity measurement
method does not depend on having an anechoic cham-
ber around the gearbox and may be used in the re-
verberant, multisource noise environment found in
a typical test cell. The RAIMS system will be used
in the NASA helicopter transmission test cells and
in the NASA spur gear test rig for the minimum
noise gears.

Noise is related to the kinematic precision of
gear trains. A theory for the kinematic precision
of gear trains was developed {32,33]). The kinema-
tic accuracy defines the actual ratio of Vnput
speed to output speed for every instant in time
(f1g. 15). The small deviations from the ideal or
steady ratio are the source of high noise levels
and large dynamic loads.

The theory defines kinematic accuracy as a
function of machine settings used in the gear gringd-
ing process and as a function of gear eccentricity
and deflections. There are two principles that are
used to derive the theory, The first s that the
vector surface normals of the gear teeth must coin-
cide, and the second is that the vector velocity
of the contact point on each gear tooth must coin-
cide (Fig, 16).

Rolling-Element Bearings

The input pinion of main helicopter transmis-
sion is typically supported on stacks of angular
contact hall bearings or combinations of ball and
cylindrical roller bearings (Fig, 17). The use of
tapered-roller bearings for this application should
eliminate the problems of load sharing and Tubrica-
tion associated with stacked bearing assemblies.
Additionally, tapered-roller bearings are ideally
stited for the large combined radial and thrust
loads from the input bevel pinion.

Speed 1imitations on standard tapered-roller
bearings demand that suitable modifications and
careful lubrication be applied for successful aper—
ation in high-speed pinion applications 1n this
program, the performance of commercially available
tapered-roller bearings, modified for high-speed
operation, was verified both analytically and ex-
perimentaily. The bearing design and the arrange-
ment of the pinion shaft were selected by computar
analysis, The hearing selection was verified ex-
perimentally and an optimum lubrication System and
flow rates were determined [34).

The experimental activity established that
automot ive pinion quality tapered-roller bearings
are capahle of reliable operation under load and

speed conditions anticipated in an advanced heli-
copter transmission. The conditions 0v the tests,
(100 percent power) were a shaft speed of 36,000
rom (1.3 militon DN), a thrust load of 1hBI pounds
(704) N), and a radiral load of 723 pounds (3’16 ).
(DN 1s a speed parameter equal to the Lore of the
bearing in mllimeters multiplied by the shaft
speed in revolutions per minute.) The computer
analysis accounted for thermal and mechanical n-
teractions of the bearings and their environment.
The predicted life of the selected 33 mm bore :
tapered-raller bearing at 60 percent prorated load
conditions was in excess of the desired 2500 hours.

. The design and lubrication of larye bore (4,76
in,)} tapered-roller bearings for operalion at
speeds up to 2,4 miliion DN under combined ragia}
and thrust loads has been demgnstrated [35-37].

The besring design was computer optimized for high-
speed operation, Lubricant was supplicd to the
bearing througr the shaft and directly to both the
large end and the small end of the rollers,

The advanced high-speed hearing ran with less
heat generation and ran cooler than the baseline
bearing to which it was compared as shawn n fig, |
18, It alsou was capable of nigher speed operatiun;

20,000 rpm as opposed tu the 15,000 rpr 1imit on
the baseline design bearing. Four of the advanced
design bearings made of (B5-1000M mater1al ran to
24 times rated catalog life without farlure,

The high-speed bearing was designed for lower
stress and heat generation in the critical contact
of the roller large end and the cone rib, The
baseline bearing was oniy modified to tupply lubri-
cant to this critical contact.

Predictions by the computer program {¥oEAh,
for cylindrical roller bearing analysiy, have been
verified with experimental data [34,39). The ex-
gerimental verification was conducted with 11b-mm

ore cylindrical roller bearings at speeds up to
28,6500 rpm. (alculated bearin? temperatures and
heat generation agree very well with the experimen-
tal data. The program aiso caiculates roller dy-
namics and bearing 11fe considering lubrication and
thermal effects., CYBLAN is a valuable tool for the
destgn and analysis of cylingrical roller bearings
for giff%cult and critical applicatiers.

Spherical roller bearing analysis predictiong
by computer program SPHERBEAN have heen verified
by experimental data [40]). The program calculates
roller dynamics, heat generation, temperature, and
bearing 1ife, It has capability to simulate per-
formance of a planet bearing in planetary gear
systems.

Experimental verification was conducted with
40-mm bore, double-row, Spherical rolier bearings
at speeds up to 19,000 rpm. Predictec temperatures
correlated well with exparimental measrements,
Predicted trends in temperature with L2aring geom
etry changes were consistent with eaperimental ob-
servations.,

The usefulness of SPHIRBEAN was demonstrated ]
by its ability to accurately simulate spherical K|
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voller bearing performance in conventional and
niah-speed ranges.  The program can assist n the
desiqu and analysis of spherical roller bearings
for diftiwcult applications such as the planetary
w1age of a helicopter main transmission or Wn
geared fan or turboprop speed reduction units,

Transmissions
Iransmission kvaluation

The data 1n the open Viterature defining cur-
rent state-of-the-art transmission technology,
supportea by tests under carefully controlled con-
ditions, are virtually nonexaistent, 1f changes are
to he made 1n gear and bearing technnlogy as ap-
plied to transmission systems, the effect of this
technology must be assessed. Hence, the operating
parameters of current state-of-the-art transmis-
sions must be evaluated. This would allow improve-
ments in compunents and new transmission concepts
to be quantified with respect to noise, vibration,
efficiency, stresses, and thermal gradients.

Four state-of-trhe-art transmissions are heing
evaluated: (a) the 317-hp OH-58 three planet gear
transmissien, ‘b) the 317-hp OH-K8 four planet qear
transmission, (c) ta:x 3000~-hp Sikorsky UH-60A
transmission, and (d) the 3000-hp Poeing UTTAS
transmission. In audition, three advanced geared
transmission concepts are being investigated under
this proqram; (a) advanced components transmission
(F1g. 19), (b) bearingless planetary transmission
gz;g. 20), and {c} split-torque transmission (Fig.

These transmissions are heing evaluated on the
NASA Lewis Research Center's 500-hp (Fig. 22) and
Junu-hp (Fyg. 23) transmission facilities, These
fecrlttres are unicue 1n that they can test both
conventinnal geared and hybrid (traction/gear)
transmissions.  Initially, these facilities are
being used to estabiish baseiine information on
transmissions designed using current state-of-the-
art design techmiques. Advanced analytical tech-
niques which include those previously discussed
will be used to examine the many parameters that
affect the seryice life, efficiency, noise genera-
tion, and reiiability of these transmissions,
further, the experimental results will bhe used
either to veri'y or to modify existing theory and
computer codes.

Some of the resuits of the evaluation of the
efficiency and aperating chararteristics of the
317-nhp, three planet, OH-58 transmission are shown
in Figs. 24 and 25, Fig. 24 shows the baseband
frequency spectrum of the OH-58 transmission show-
ing the spiral bevel gear amniitude compared to the
spur gear amplitude. The nosise 15 traceable to
tooth kinematical error. it is generally true that
larger amplitudes of vibration occur at tooth mesh
frequencies of the spiral bevel gears, This was
dgrtarmined from measurements on several different
transmissions.

The affect of lubricant type on transmission
afficrency was determined for 11 different lubri-
cants 1n the OH 54 transmission [411. In addition,

]

six of the lubricanis were tested in the NALA gear
fatigue tester to determine the offect of thear o
bricants on gear Nfe. fig. 25 shows Lhe resulls
of these tests. Among the 11 ditferent lubricante,
the efficiency ranged from Y8.9 to 98.8 percent,
which 1% a hl-percent variation relative to the
losses associated with the maximum effaciency mea-
sured, Of the s1x Jubricants shown in fiy. 25,
there was no correlation hetween efficiency and
life. The lubricants had no sagnifican' etfect on
the vibration signature of the transmission.  Ad
artranal work 1§ being cunducted Lo define the fu=
bricant chematry, additive packaqge, and rheaiogi
cal and physical propertics 10 order Lo determie
which of them affect the results shown.

Transmission Concepts

Based on fundamental research performed 1n
mechanical components, an advanced 500-hp transmis -
S$10n was desiygned and fabricated (fig. 19}, Tne
concept 15 a high~contact-rati10 four planet-qear
tronsmission for improved load capacity and life,
The high-contact-ratio gears are expected to result
n lower poise and reduced dynamic loas,. The mawn
bevel gear has been straddle-mounted to wmprove
defiection of the gear mounting, thereby improving
1oad sharing 1n the gear mesh, This, too, 15 ex-
pected to result in lower norse and improved life.
The planetary ring gear has been cantilever-mounted
to relieve problems i1nherent n the ring-gear-to-
case spline interface. Rolling-element bearings
wiil be manufactured from yacuuM=1nductionomelted,
vacuum-arc-remeited {VIM-VAR} AISI M-5C materiail.
The VIM-YAR AIS] M-50 will result in longer nearing
1ife. The hevel gear set was manufactured from
¥YiIM-vAR AiS1 9310. The tubrication system 1s the
tatest technology of positive radial-)et tubrica-
tion to the sun gear and spline [42]. This will
reduce wear and increase the load-carryiny capaCity
of the gear set,

This advanced transmission which w-ighs 144 it
has a weight-te-power ratio of 0,29 in of transmis-
s10n weight per horselower, as compared with the
standard 120 1b 317-hp OH-5 transmission of ), 38
ibthp. Preliminary tests have been cor Tucted with
the transmission an the 500-np test stzid.

The transmission design has been mdified to
aliow for the replacement of the baill tzaring, with
tapered-roilier bearings. Tapered-roile~ hearings
on the gutput and input transmission srafts offer

qreater load capacity and longer 1ife than the ball
bearings.

The self-aligning bearingless planetary trans-
misston (Fig. 20) covers a variety of planetary-
gear configurations, which share the «mon char—
acteristic that the planet carrier, or spider, is
elimnated, as are conventional plam t-Mounted
bearings. The bearings are sliminated ay load
balancing the gears, which are separated in the
axial direction, All forces and reactiins are
transmitted through the gear meshes and contained
by simple ralling rings. The concept was farst
demonstrated by Curtis Wraght Corp. uncsr sponsor-
ship of the U.S. Army Aviation Researct and Devel-
apment Command [43]., The 500-hp bearingless plan
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etary transmission for the NASA program is being
designed to be camparable with the OH-58 haseline
transmission. The transmission weight-to-power
ratio is approximately 0,27 Ip/hp.

A means to decrease the weight-to-power ratio
of a transmission or to decrease the unit stress
of gear teeth is by Tuad sharing through multiple
power paths. This concept 15 referred to as the
split-torque transmission [4]. Feasibility studies
were conducted on two variants of this concept
(Fig. 21).

The first variant is in the 500-hp range with
a single-engine input (Fig. 21(a)); the second 1%
in the 3000-hp range with a two-engine 1nput (Fig.
21(b)). Instead of a planetary-gear arrangement,
the input power is split into two or more power
paths and recombined in a bull gear to the output
power {rotor) shaft,

Preliminary weight estimates of the split-
torque concept indicate that the weight-to-power
ratio is approximately 0.24 Ib/hp. This concept
appears to offer weight advantages over conven-
tional planetary concepts without using high-
contact-ratio gearing. The effects of incorpora-
ting high-contact-ratio gearing into the split-
torque concept is expected to further reduce
transmission weight.

A remedy to the speed-ratio and plane' number
limitations of simple, single-row planetary systems
was devised by A.L. Nasvytis [44]). His drive sys-
tem used the sun and ring-roller of the simple
planetary traction drive, but replaced the single
row of equal diameter planet-rollers with two or
more rows of stepped, or dual diameter, planets.
Hith this new multiroller arrangement, practical
speed ratios of 250 to 1 could b¢ ~htained in a
single stage with three planet ro.-. Ffurthermore,
the aumber of planets carrying the lcsud in parallel
could be greatly increased for a given ratio. This
resulted in a significant reduction in individual
roller contact loading with a corresponding im-
provement. in torque capacity and fatigue life.

To further reduce the size and the weight of
the drive for helicopter transmission applications,
NASA incorporated with the second row of rollers,
pinion gears in contact with a ring gear (F1g. 26).
The ring gear is connected through a spider to the
outnut rotor shaft. The numher of planet-roller
rows and the relative diameter ratios at each con-
tact are variables to be optimized according to the
overall speed ratio and the uniformity of contact
forces. The traction-gear combination is referrea
to as the hybrid transmission,

Preliminary tests were conducted with a 500-hp
low ratio variant of the hybrid transmission (Fig.
26). The transmission, which has a weight-to-power
ratio of 0.27 and a speed reduction ratio of 17:1,
could retrofit the OH-58 helicopter., The second
variant of the hybrid transmission s referred to
as the 500-hp high-ratio variant. This transmis-
sion has a speed reduction of i681:1. the Yow-ratio
hybrid is designed for a speed input of approxi-

mately 6020 rpm, and the high-ratio variant s de
signed for an input speed of approximaiely 36,000
rpm. Because the transmission can accommodate the
higher Ynput speed, the AQ0-1h, b°] redi:tion yem
box on the engine can be eliminated. Hence, the
power train weight-to-power ratio can te a< low as
0.20 ib/hp.

Conc Tudiny (omments

The helicopter, more than any other contem
porary aerospace or industrial innovat.un, hay
placed severe performance demands on power trans-
mission components such as bearings ard geara,
Well-designed mechanical cumponents, gnod maters-

als, and lubrication S{stgms which are integrated
into helicopter drive train systems ¢» . make the

difference hetween a helicopter's reitable, eco-
nomic ~peration and failure, NASA traismission
research is oriented either to advance the state-
of-the-art in mechanical power transfer technolagy
or to add to the fundamental body of kaowledye be-~
longing to bearings, gears, lubricatson, rolfing-
element fatigue, Vife prediction, traction phenom-
ena, and mechanical power transfer. Tlransmissions
studied for application to helicopters in addition
to the more conventional ge-ared transmissions in-
clude hybrid (traction/gear), bearingless plane-
tary, and split torque gransmissions. Consideranie
amounts of work are required in these areas to es-
tablish the validity of analysis and computer codes
developed to predict the performance, efficiency,
1ife, and reliability of these transmissions,
Real-time data recording, control and analysis for
transmission testing are available for this purpose
on the NASA 500-hp and 3000-hp heliconter trans-
mission test stands. Both test stands are capable
of testing conventional and traction type helicop-
ter transmissions, Results of this research should
provide the transmission designer with analytical
tools to design for minimum weight an: noise with
maximum life and efficiency. In addition, the ad-
vantages and }imitations of new and novel drive
systems as well as the more conventional systems
will be defined.
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